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It is increasingly clear that eukaryotes have acquired bacterial DNA and function through horizontal
gene transfer (HGT). In this issue of Cell Host & Microbe, Chou et al. (2014) and Metcalf et al. (2014) report
multiple HGTs of bacterial tae and lysozyme genes, respectively, to diverse eukaryotic and archaeal hosts
that may complement their response to bacteria.Like Darth Vader in ‘‘The Empire Strikes
Back,’’ bacteria find that their own arsenal
of weapons is being used against them.
Two recent papers detail horizontal gene
transfers (HGTs) of bacterial genes to eu-
karyotes and archaea that encode func-
tional proteins involved in limiting bacterial
growth (Chou et al., 2014; Metcalf et al.,
2014).HGT is best appreciated inbacterial
genomics, where the lack of sexual repro-
duction limits genetic exchange and thus
acquisition of new traits. HGT enables
these bacteria to acquire new genetic
material and thus adapt in a competitive
environment, expanding into new niches.
While widely appreciated in bacteria,
such instances of HGT in archaea and eu-
karyotes, particularly animals, have been
more limited (Dunning Hotopp, 2011).
But over the past decade more instances
of this phenomenon have been described
(DunningHotopp, 2011). Chouet al. (2014)
describe multiple independent HGTs of
antibacterial toxins from bacteria to
eukaryotes where these toxins may sup-
plement the innate immune system by
limiting growth of a subset of bacteria
(Chou et al., 2014). Meanwhile, Metcalf
et al. (2014) describemultiple independent
HGTsof bacterial lysozyme to eukaryotes,
archaea, and bacterial viruses where they
may also impede bacterial growth (Met-
calf et al., 2014).Multiple Independent Acquisitions
of Bacterial Toxins in Diverse
Eukaryotic Genomes
Serendipitously, Chou et al. (2014) identi-
fied eukaryotic homologs of prokaryotic
type VI secretion amidase effector tae
genes, which they have named dae
(domesticated amidase effector) genes
(Chou et al., 2014). In the bacteria-eat-bacteria world, Tae proteins are effec-
tors secreted by diverse bacteria to
lyse competing organisms by degrading
amide bonds in the bacterial cell wall
peptidoglycan (Chou et al., 2014). These
Tae proteins contain a single amidase
domain that degrades peptidoglycans
(Figure 1), leading to bacterial cell lysis
(Durand et al., 2014). Such a potent anti-
bacterial toxin could provide an adaptive
advantage to the eukaryotic recipient,
almost like an onboard antibiotic. Sup-
porting a functional role for the horizon-
tally transferred tae, Chou and colleagues
demonstrate transcription from represen-
tative dae genes in a tick, an amoeba, and
a lancelet as well as expression of Dae in
tick salivary glands and midgut, which are
the sites of bacterial first contact following
a blood meal (Chou et al., 2014). The
enzyme is active on numerous forms of
peptidoglycan that contain these amide
bonds and exerts a lytic effect on bacterial
cells when peptidoglycan is exposed
(Chou et al., 2014). RNAi-mediated
knockdown of Dae2 in ticks led to an
increase in levels of the Lyme disease
agent Borellia burgdorferi, suggesting a
role in controlling bacterial load and sup-
plementing innate immunity (Chou et al.,
2014). Irrespective of whether the effects
of Dae2 are related to direct lysing of
B. burgdorferi, or indirectly through lysing
other microbes in the microbiome, these
data demonstrate the functionality of
Dae2 and have important implications
for Lyme disease transmission.Multiple Independent Acquisitions
of Lysozyme in all Domains of Life
Concurrently, Metcalf et al. (2014) identi-
fied multiple independent HGTs of bacte-
rial lysozyme genes in bacterial viruses,Cell Host & Microbe 16, Darchaea, and a diversity of eukaryotes
including insects and fungi (Figure 1).
Focusingmainly on archaea, they demon-
strate an upregulation of the transferred
bacterial lysozyme upon coculture of
archaea with bacteria and its broad-spec-
trum antibacterial activity in vitro (Metcalf
et al., 2014). This suggests that the
archaea acquired lysozyme because of
its potent antibacterial activity, possibly
enabling it to fend off bacterial niche com-
petitors (Metcalf et al., 2014). This enzyme
was previously identified in the aphid in-
sect genome (Nikoh et al., 2010) and
may have been acquired by Hemipteran
insects prior to the radiation of several
major lineages (Ioannidis et al., 2014).
Ioannidis et al. (2014) hypothesized that
lysozyme may have an antibacterial effect
in insects, augmenting their innate immu-
nity, similar to the proposed augmenta-
tion of the tick innate immune system by
Dae (Chou et al., 2014).
Numerous HGTs of Peptidoglycan
Remodeling Genes
Intriguingly, bacterial genes involved in
peptidoglycan synthesis and remodeling
are HGTs in other eukaryotic genomes.
Rotifers contain genes for an alanine
racemase and a D-ala-D-ala ligase (ddl)
of bacterial origin that are both involved
in peptidoglycan synthesis (Gladyshev
et al., 2008) (Figure 1). Both have introns,
and the latter was shown to be functional
(Gladyshev et al., 2008). In aphids, the
bacterial enzyme LD-carboxypeptidase
(LdcA) (Figure 1) is expressed in the aphid
bacteriome, where the resident mutual-
istic endosymbionts lack an endogenous
functional LdcA (Nikoh and Nakabachi,
2009). It has been proposed that the aphid
can use LdcA to regulate the growth of itsecember 10, 2014 ª2014 Elsevier Inc. 701
N-acetylmuramic acid
N-acetylglucosamine
L-Alanine
D-Glutamate
meso-Diaminopimelic acid
D-Alanine
Lysozyme
Tge1/Tge3
Lysozyme
Tge1/Tge3
Lysozyme
Tge1/Tge3Tge2 Tge2
Tae1 Tae4 Tae1
Tae4Tae1Tae1
Tae2/Tae3 Tae2/Tae3
LdcA
Ddl
Glycosides Amino Acids
Tae4
Tae4
Tae4
Tae4
Figure 1. Multiple HGTs of Bacterial Peptidoglycan-Related Proteins to Eukaryotes
The bacterial cell wall is composed of peptidoglycan, a polymer of sugars and amino acids. The poly-
saccharide backbone of peptidoglycan is composed of alternating b-(1,4)-linked N-acetylglucosamine
(NAG) and N-acetylmuramic acid (NAM) residues. Peptide chains containing three to five amino acids
connect NAM residues to other NAM-attached peptides, creating a mesh-like structure that gives the
bacterial cell wall its strength. Given the unique structure of peptidoglycan, it provides an attractive
target for manipulating bacteria through lysis or limiting bacterial growth. This may explain why multi-
ple HGTs of bacterial enzymes involved in degrading, remodeling, and synthesizing peptidoglycan
have been identified in all domains of life. These include the recently described HGT of genes encoding
functional Tae (Chou et al., 2014) and lysozyme (Metcalf et al., 2014), which are boxed, as well
as genes encoding LdcA (Nikoh and Nakabachi, 2009), Ddl (Gladyshev et al., 2008), and an alanine
racemase (Gladyshev et al., 2008). The HGTs include proteins typically associated with degrading
peptidoglycan (orange text) as well as those typically associated with peptidoglycan synthesis and/
or remodeling (gray text). Given the specificities of the genes that have resulted in HGT (bold), other
genes that might be candidates for HGT are illustrated. Figure adapted from Durand et al. (2014)
and Chou et al. (2014).
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kabachi, 2009). Collectively, this suggests
that multiple eukaryotes, archaea, and
viruses have a role for enzymes involved
in peptidoglycan synthesis, degradation,
and remodeling genes that leads to
the multiple independent acquisitions of
these enzymes by HGT (Figure 1).Controlling Bacterial Presence or
Abundance?
In the study by Chou et al. (2014), the host
seems to have the ability to control bacte-
rial cell numbers by cleaving peptido-
glycan, leading to bacterial lysis. Lysis of
all bacteria would lead to a complete
absence of bacteria. But in this study,
B.burgdorferihadadecreasedabundance
in the presence of Dae and an increased702 Cell Host & Microbe 16, December 10, 20abundance when Dae was removed
(Chou et al., 2014). An absolute difference
in absence/presence was not observed,
but instead a change was observed in
bacterial cell abundance. If the effect of
Dae is directly on B. burgdorferi, and not
indirectly through other factors, it suggests
that eukaryotes encoding Dae proteins
can manipulate not only the presence but
also the abundance of specific members
in the microbiome.These Are Not the Bacteria You Are
Looking For
Such a response to Daemay already have
been observed in Anaplasma and Ehrli-
chia tick-borne pathogens that lack pepti-
doglycan (Dunning Hotopp et al., 2006).
Absence of peptidoglycan would facilitate14 ª2014 Elsevier Inc.proliferation of these bacteria in the Dae-
containing invertebrate tick host. It has
also been proposed that loss of peptido-
glycan may have enabled these bacteria
to successfully infect immune cells, where
they reside in their vertebrate hosts
(Dunning Hotopp et al., 2006). Intriguingly,
selection for loss of peptidoglycan in the
tick could have enabled Anaplasma and
Ehrlichia to then infect white blood cells
of the vertebrate animals on which the
tick feeds.
Future Directions
Regulation of bacterial cell abundance
by Dae will surely be a complex interplay
between many organisms. While differ-
ential expression of Dae in host tissues
could play a role, the bacterial gene
repertoire may also participate. In partic-
ular, the antitoxin antidotes of Tae pro-
teins, the bacterial Tai proteins, could
play a crucial role in this interplay. Are
there Dae-specific Tai homologs? Given
the presence of Dae in ticks, do tick-
borne bacterial pathogens have Dae-
specific Tai genes that enable them to
colonize the tick or their functional
equivalents? Are obligate mutualistic en-
dosymbionts of these organisms more
likely to contain Tai genes?
Further, can HGT of more antibacterial
genes be identified, like other glycosyl hy-
drolases including the Tge genes (Durand
et al., 2014)? Regardless, these recent
studies suggest that antibacterial proteins
targeting peptidoglycan may be uniquely
poised to be acquired by all the domains
of life through HGT.
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Competition for nutrients is a key factor controlling pathogen colonization within the gastrointestinal tract. In
this issue, Ferreyra et al. (2014) and Curtis et al. (2014) show that diverse enteric pathogens can exploit a
metabolic byproduct from the commensal microbiota, succinate, to enhance their own virulence expression
and proliferation.The human large intestine is home to a
complex and dynamic consortium of mi-
crobes, also known as the microbiota.
Akin to a physiologic organ, the micro-
biota fulfils many important functions to
maintain host health, including nutrition
acquisition, immune development, and
pathogen defense. Among the most
well-studied functions of the microbiota
is its tremendous metabolic capacity.
Themicrobiota contributes to the produc-
tion of vitamins (e.g., vitamins K and B12
and folic acid), enhances ionic absorption
of calcium and magnesium, and is indis-
pensable for energy salvage from nutri-
ents otherwise nondigestible by human
cells (Gill et al., 2006). Interestingly, while
some metabolic activities of the micro-
biota such as methanogenesis or oxalate
degradation may vary widely between
different individuals, the ability to ferment
nondigestible carbohydrates and proteins
is highly conserved among those func-
tions encoded by the human core micro-
biome (Qin et al., 2010).
The principle end products of bacterial
metabolism in the large intestine are
short-chain fatty acids (SCFAs), which
mainly arise from anaerobic fermentation
of nondigestible carbohydrates. In the
large bowel, these consists of nonstarch
polysaccharides (e.g., dietary fiber and
plant polysaccharides including celluloseand pectin), resistant starch, simple car-
bohydrates not yet digested in the small
intestine, as well as those derived from
sloughed goblet cells and host mucin
glycoproteins. As small (1- to 6-carbon)
organic fatty acids, SCFAs are readily ab-
sorbed and metabolized by the intestinal
mucosa and the liver, where they play a
substantial role in host nutrition (Macfar-
lane and Macfarlane, 2003). SCFAs can
also modulate the intestinal immune
response, such as by inhibiting excessive
proinflammatory cytokines in chronic
inflammation (Smith et al., 2013), and
exert a direct trophic effect on the intesti-
nal epithelium. While the beneficial effect
of microbiota-associated metabolites,
particularly SCFAs, to the host has been
a subject of intense research, how these
substrates influence bacterial-bacterial
interactions is less well understood.
The metabolic landscape of the gut can
vary greatly depending on the microbiota
structure, intestinal transit time, and avail-
ability of fermentable substrates. How-
ever, butyrate (C4), propionate (C3), and
acetate (C2) are typically the most abun-
dant and together make up over 80%
of total SCFAs produced during health
(Macfarlane and Macfarlane, 2003).
These molecules generally arise from
oxidative metabolism of hexose sugars
(e.g., glucose and fructose) through thenearly ubiquitous Embden-Meyerhof
glycolysis pathway. Other SCFAs such
as valerate, formate, and isobutyrate are
products of branched-chain amino acid
metabolism and exist in much lower
levels, while lactate, ethanol, and succi-
nate are metabolic intermediates that
are converted to other SCFAs to various
degrees depending on the extent of mi-
crobial cross-feeding within the intestinal
microenvironment. Therefore, these inter-
mediates are rarely present at significant
levels in the gut. Interestingly, succinate
has been found to accumulate during
intestinal inflammation, such as in antibi-
otic-associated diarrhea and infection
with the pathogen Clostridium difficile in
human and mice (Lawley et al., 2012),
although its role in disease pathogenesis
is still unclear.
In this issue of Cell Host & Microbe, two
studies by Ferreyra et al. (2014) and Curtis
et al. (2014) present important mecha-
nistic insights into the role of succinate in
commensal-pathogen interactions within
the competitive gut ecosystem. Impor-
tantly, both studies provide compelling
evidence to suggest that intestinal metab-
olites inducedbyacommensal bacterium,
Bacteroides thetaiotaomicron, can unex-
pectedly enhance pathogen virulence
expression and colonization in the gut,
through the production of succinateecember 10, 2014 ª2014 Elsevier Inc. 703
